Abstract Inferring the mechanisms causing river flooding is key to understanding past, present, and future flood risk. However, a quantitative spatially distributed overview of the mechanisms that drive flooding across Europe is currently unavailable. In addition, studies that classify catchments according to their flood-driving mechanisms often identify a single mechanism per location, although multiple mechanisms typically contribute to flood risk. We introduce a new method that uses seasonality statistics to estimate the relative importance of extreme precipitation, soil moisture excess, and snowmelt as flood drivers. Applying this method to a European data set of maximum annual flow dates in several thousand catchments reveals that from 1960 to 2010 relatively few annual floods were caused by annual rainfall peaks. Instead, most European floods were caused by snowmelt and by the concurrence of heavy precipitation with high antecedent soil moisture. For most catchments, the relative importance of these mechanisms has not substantially changed during the past five decades. Exposing the regional mechanisms underlying Europe's most costly natural hazard is a key first step in identifying the processes that require most attention in future flood research.
Introduction
Flooding is one of the most damaging natural hazards worldwide (Field, 2012; Kundzewicz et al., 2014; Paprotny et al., 2018) , and future settlement patterns and climate change are expected to increase flood risk globally (Arnell & Gosling, 2016; Hirabayashi et al., 2013; Milly et al., 2002; Winsemius et al., 2015) . For Europe, annual flood damages during the period [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] have been estimated at €4.9 billion, and future damages are expected to grow substantially (Alfieri et al., 2015; Jongman et al., 2014) . These facts highlight the need to understand flood risk trends.
Trends in river flooding can be inferred from long-term data on the timing, magnitude, and frequency of river flows and inundations (e.g., Archfield et al., 2016; Berghuijs et al., 2017; Blöschl et al., 2017; Do et al., 2017; Hall et al., 2014; Hirsch & Ryberg, 2012; Hodgkins et al., 2017; Mudelsee et al., 2003; Slater & Villarini, 2016) . For example, the timing of European floods has shifted in recent decades (Blöschl et al., 2017) , but trends in flood magnitudes are less clear (e.g., Berghuijs et al., 2017; Hall et al., 2014; Hodgkins et al., 2017) . Understanding such trends requires identifying the hydrological processes that trigger floods (Blöschl et al., 2015; Ivancic & Shaw, 2015; Sharma et al., 2018; Slater & Wilby, 2017) . The limited understanding of regional variations in flood-generating mechanisms is one reason why the causes of historical flood trends are often unclear (Blöschl et al., 2015) and why projections of future flooding under climate change remain uncertain (Kundzewicz et al., 2014) .
Causes of flooding are well documented in studies that investigate a small number of flood events or river basins (e.g., Blöschl et al., 2013; Keller et al., 2018; Nied et al., 2013) , but it is impractical to conduct such detailed site-specific investigations in hundreds or thousands of catchments across entire continents. In addition, studies that infer flood-generating mechanisms across many sites generally identify only a single dominant mechanism driving river flooding at each site (e.g., Berghuijs et al., 2016; Hirschboeck, 1991; Parajka et al., 2010 ; but see Merz & Blöschl, 2003 , for an exception). However, this approach overlooks the fact that even at a single site, individual floods can arise through different mechanisms (e.g., Blöschl et al., 2013; Keller et al., 2018; Merz and Blöschl, 2003; Sikorska et al., 2015) .
Classifications of flood-generating mechanisms across many catchments are available for parts of Europe, such as Austria and the Alpine-Carpathian range (Merz and Blöschl, 2003; Parajka et al., 2010) , and other regions such as the continental United States (Berghuijs et al., 2016) . Continental-scale assessments of European river flooding use the seasonal timing of floods as a basis to qualitatively discuss the regional differences in flood-generating mechanisms (e.g., Blöschl et al., 2017; Hall et al., 2014; Hall & Blöschl, 2018; Mediero et al., 2015) , without employing any formal attribution methods. Thus, for most of Europe, there is no reproducible quantitative mapping of the importance of different floodgenerating mechanisms.
The importance of different flood-generating mechanisms may shift over time, particularly under climate change. For example, increased temperatures affect the snow dynamics of cold regions, thereby potentially altering the magnitude of snowmelt floods (e.g., Hall et al., 2014; Musselman et al., 2018; Regonda et al., 2005; Vormoor et al., 2016) . Warmer temperatures also tend to increase precipitation extremes, potentially increasing the risk of extreme rainfall floods (e.g., Kendon et al., 2014; Trenberth et al., 2003; Westra et al., 2013) . Thus, the relative importance of flood drivers may shift over time, but to date there has been no systematic effort to detect whether such changes are taking place across Europe.
Here we introduce a new method that estimates the relative importance of different flood-generating mechanisms, extending previously developed approaches based on seasonality statistics. We apply this new method to a large data set of observed annual flood dates in several thousand catchments across Europe. We describe regional patterns in the relative importance of extreme precipitation, soil moisture excess, and snowmelt as flood drivers across Europe over the period 1960-2010 and assess how the relative importance of different flood-generating mechanisms has changed during these five decades.
Methods

Data
The flood data we analyze are obtained from the European Flood Database and consist of the dates of annual maximum streamflows or water levels (daily or instantaneous values) for each calendar year from 1960 to 2010, for 4,062 catchments (Blöschl et al., 2017; Hall et al., 2015) . Catchment station elevations range from just below sea level to almost 2 km, and catchments range in size from~10 to~100,000 km 2 (Hall & Blöschl, 2018) . We only use the 4,037 catchments east of 12°W longitude (thus excluding Iceland). We obtained daily 0.25°gridded precipitation and mean surface temperature data for the same time period from the E-OBS data set (version 15.0; Haylock et al., 2008) . We calculate Hamon potential evapotranspiration based on these temperature data and grid-cell locations following Federer et al. (1996) . Data are openly available and are described in detail in the cited references.
Relative Importance of Flood-Generating Mechanisms
Because the available flood data are limited to the dates of annual maximum flow each year, we infer the relative importance of different flood-generating mechanisms by comparing these dates of annual maximum flow with the timing of each candidate mechanism. Our approach can be summarized in three steps. First, we define the mechanisms that can cause flooding (section 2.2.1). Next, we calculate the seasonality statistics of flooding and these driving mechanisms for each site (section 2.2.2). Finally, we estimate the relative importance of each mechanism at each site by comparing the seasonality statistics of annual floods with those of the potential driving mechanisms (section 2.2.3).
Definition of Flood-Generating Mechanisms
In this study, we focus on processes that drive flooding (e.g., rainfall), rather than catchment properties (e.g., land cover) that modify how water is partitioned but do not drive flooding themselves. Three major mechanisms that may lead to flooding have been classified by Berghuijs et al. (2016) :
Extreme precipitation: In extreme precipitation floods, the maximum annual flow results from (and thus occurs during the same time of the year as) the largest precipitation event of that year. In this study, we
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Soil moisture excess: In soil moisture excess floods, the maximum annual flow is caused by (and thus occurs during the same time of the year as) the largest daily soil moisture excess event. Soil moisture excess is defined as the daily precipitation amount minus the available soil moisture storage capacity. Soil moisture storage dynamics are controlled by the interplay between precipitation, evapotranspiration, and runoff and are simulated using a very simple water balance model,
where S u is storage amount in the unsaturated zone (millimeter), P is precipitation (millimeter per day), Q is soil moisture excess (millimeter per day), and E is evaporation (millimeter per day), which is calculated by
Potential evapotranspiration, E p (millimeter per day), is scaled to 75% of its daily value because not all E p tends to be used for evapotranspiration. Δt is the time step of calculation, here set at 1 day. Soil moisture excess, Q (millimeter per day), now equals
S u,max is the soil moisture storage capacity fixed at 125 mm. Changing this to 75 mm did not substantially affect the results. We use maximum soil moisture excess, rather than maximum soil moisture, because high soil moisture by itself does not drive flooding; additional rainfall is needed to trigger floods.
Snowmelt:
In snowmelt floods, the maximum annual flow is caused by (and thus occurs during the same time of the year as) the largest daily snowmelt or rain-on-snow event of the year. Snowmelt or rain-on-snow events are defined as the sum of daily liquid precipitation and snowmelt during melting days. Snowmelt dynamics are estimated using a degree-day model,
where S s is the snow storage (millimeter); P s is snowfall (millimeter per day), assuming all P is snow when the daily average temperature T is below the temperature threshold T crit , set at 1 (°C); and snowmelt M (millimeter per day) is
where f dd is the melt rate constant set at 2.0 (millimeter per day per degree Celsius). The daily snowmelt or rain-on-snow event is now quantified by the sum of liquid precipitation and snowmelt, which is set to zero for days with no snowmelt.
We stress that the mechanisms outlined above are not intended as predictive models for flooding. Instead, our aim is to use simple process descriptions to characterize the seasonality of regional flood drivers, in order to decipher the main causes of flooding across many sites using the flood data (i.e., the timing of annual maximum floods) and the gridded climate data that are available across the entire European continent.
Seasonality Characteristics
The seasonality of flooding and flood-generating mechanisms is characterized by circular statistics (e.g., Bayliss & Jones, 1993; Black & Werritty, 1997; Blöschl et al., 2017; Parajka et al., 2010) . We quantify the mean date of occurrence, D i (day of year) of all these processes:
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with
where x i and y i are the mean cosine and sine components of the seasonality for each process i, D i,k is the date of occurrence of process i in each individual year k, m is the average number of days per year, and n is the number of years of data used at that location. The cosine and sine components of the seasonality can be used to calculate the concentration, R i (dimensionless):
which expresses the consistency in timing around the mean date of occurrence, D i . An R i value of 1 indicates that process i always occurs at the same time of the year, whereas an R i value of 0 indicates process i is equally likely to occur at any time of the year. Figure 1 provides an example of these indices for a catchment in Switzerland (Figure 1 ).
Calculation of the Relative Importance of Flood Drivers
When floods are caused by the three mechanisms outlined in section 2.2.1, the summed cosine and sine components of the seasonality of the three processes (x i and y i ), each weighted by their importance as flood drivers, should approximate the cosine and sine components of the seasonality of flooding. Thus, we estimate the relative importance of each flood driver by solving the following set of linear equations:
where α i indicates the relative importance of each flood driver (with [0 ≤ α i ≤ 1]), x i and y i are the average cosine and sine components of the dates of occurrence of floods or drivers (equations (7) and (8)), and the subscript indicates the process of interest (f = flood, p = extreme precipitation, m = soil moisture excess, and s = snowmelt). For drivers, we use the cosine and sine components of the dates of occurrence for the grid cell where the streamflow gauging station is located. An α i value of 0 indicates no flooding is caused by the mechanism, whereas an α i value of 1 indicates all flooding is caused by that mechanism. The example in Figure 1 yields α p = 0.77, α m = 0.03, and α s = 0.20, indicating that flooding in this catchment is largely driven by extreme precipitation events.
Solving equations (11)- (13) is straightforward when the cosine and sine components of flood seasonality fall within the triangular area spanned by the cosine and sine components of the flood-generating mechanisms (Figure 1 , indicated in gray). When the cosine and sine components of flood seasonality fall outside the triangular area spanned by the three mechanisms, we estimate the relative importance of the mechanisms from the point on the triangle that is closest to the point describing the flood seasonality. To avoid considering snowmelt as a flood driver at sites with little snow, we set α s to 0 wherever the mean fraction of
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We apply the method outlined above to 3,777 European catchments that have a minimum of 20 years of data on the timing of flood peaks. In addition, to assess how flood drivers have changed over the past five decades, we use equations (11)- (13) to estimate the relative importance of the mechanisms separately for the periods 1960-1984 and 1985-2010 for the 2,784 catchments that have at least 40 years of data between 1960 and 2010 (thus guaranteeing at least 15 years of coverage in both the 1960-1984 and 1985-2010 intervals) .
Results and Discussion
Seasonality of Floods and Their Driving Mechanisms
The mean date of occurrence of floods and the concentration of floods around their mean date exhibit distinct regional differences across Europe (Figures 2a and 2b) . Annual floods typically occur in winter across large parts of western Europe and the Mediterranean. In northeastern Europe, floods often occur in spring, whereas floods tend to occur during summer around the Alps. These patterns have been described in detail by earlier studies (Blöschl et al., 2017; Hall & Blöschl, 2018) , and thus, we will not elaborate on them further here. 
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The mean date of occurrence of maximum daily precipitation and its concentration also exhibits distinct regional differences (Figures 2c and 2d ), but these regional patterns differ from the seasonality characteristics of floods. Broadly speaking, maximum daily precipitation tends to occur in summer in most of central and (north) eastern Europe, and these regions often have a low interannual variability of precipitation timing, as indicated by concentrations R close to one. However, most floods in this region occur months earlier (again, with relatively low interannual variability), effectively excluding annual maximum precipitation as a major driver of annual maximum streamflow. Conversely, in the Carpathians and the Alps, annual maximum precipitation coincides seasonally with annual maximum flooding and thus is a plausible driver.
Unsurprisingly, annual maxima of snowmelt and rain on snow are strongly concentrated in late spring across much of (north) eastern Europe (Figures 2e and 2f) . In most of this region, these maxima roughly coincide with the seasonality of flooding, making them a plausible flood driver. Snowmelt occurs earlier in the year in regions with milder winters and lower fractions of precipitation falling as snowfall (e.g., Denmark and Germany), where it does not coincide strongly with the seasonality of flooding.
Soil moisture excess (the difference between daily precipitation and available soil moisture storage capacity) peaks in winter across much of Europe (Figures 2g and 2h ) owing to lower evaporation rates (and thus greater soil moisture) during the winter months. The timing of peak soil moisture excess coincides with the seasonality of peak flooding across large parts of Germany, France, Spain, and Britain. In contrast, across much of Poland, Belarus, Ukraine, Czech Republic, and northern Romania, soil moisture excess peaks in the summer because the summer maxima in precipitation outweigh the winter maxima in soil moisture. In much of this region, peak soil moisture excess does not coincide with the seasonality of annual flooding.
The Relative Importance of Flood-Generating Mechanisms
As we have seen above, the seasonality characteristics presented in Figure 2 facilitate a qualitative assessment of extreme precipitation, snowmelt, and soil moisture excess as flood drivers across Europe. By solving equations (11)- (13), we quantify the relative importance of the three flood-generating mechanisms for each catchment (Figure 3 ).
Across Europe as a whole, maximum annual precipitation is the least important flood driver (mean α p = 0.23; Figure 3a ). However, in 22% of the catchments, extreme precipitation is more important than snowmelt and soil-moisture excess combined (i.e., α p > 0.5). These precipitation-flood-dominated catchments are primarily located in and near the Alps and the Carpathians. The dominant role of precipitation extremes for flood generation in these regions is consistent with more detailed national studies in Austria and Switzerland (Froidevaux et al., 2015; Merz and Blöschl, 2003) . In contrast, however, maximum annual precipitation is not an important flood driver in nearly half of our 3,777 European catchments (α p < 0.1 for 46% of the catchments).
Across Europe, snowmelt or rain-on-snow are somewhat more important than peak precipitation as a flood driver (mean α s = 0.29). Snowmelt floods exceed the combined influence of the other driving mechanisms (α s > 0.5) in 31% of the studied catchments (Figure 3b ). Snowmelt and rain on snow are dominant flood drivers across Scandinavia and northeastern Europe, and in some mountainous catchments, but are progressively less important as one moves toward western Europe. For the majority of our study catchments, snowmelt is not an important cause of flooding (α s < 0.1 for 61% of the catchments).
Across Europe as a whole, soil moisture excess is the most important flood driver (mean α m = 0.49). Soil moisture excess exceeds the combined influence of other processes (α s > 0.5) in 43% of the studied catchments. Floods are almost exclusively driven by soil moisture excess in a broad arc stretching across much of Europe, including large parts of Portugal, Spain, France, UK, Ireland, Belgium, the Netherlands, Germany, Poland, Italy, and majority of countries in southeast Europe. Elsewhere, such as in the Alps, North-Eastern Europe, and Scandinavia, soil moisture excess flooding is not important (α m < 0.1 for 43% of our study catchments).
The disconnect between precipitation extremes and flooding helps to contextualize flood trends. For example, observations indicate that annual maximum daily precipitation is increasing (Westra et al., 2013 ), but such a persistent increase is not found in observed annual maximum floods in Europe (Hall et al., 2014) . Similarly, model simulations of European river floods at 1.5, 2, and 3°C global warming indicate a very 10.1029/2019WR024841
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weak correlation between changes in precipitation extremes and changes in flood magnitudes (Thober et al., 2018) . These observations are not very surprising when we consider that most annual peak floods are in fact not caused by annual peak precipitation. Our results point to the processes (snowmelt and soil moisture excess) that likely better explain flood trends in Europe (Blöschl et al., 2017) .
Exposing the flood-generating mechanisms also helps to contextualize regional differences in flood synchrony scales (i.e., the maximum radius around an individual river gauge within which at least half of the other river gauges also record flooding almost simultaneously; Berghuijs et al., 2019) . Regions with more mixed flood-generating mechanisms (i.e., northern Spain toward the Alps, into central Europe, and the Carpathians) have more localized flooding compared to regions with more homogeneous flood-generating mechanisms (i.e., western and northeastern Europe) where floods are usually correlated over large distances (Berghuijs et al., 2019) .
Changes in the Importance of Flood-Generating Mechanisms
To assess whether the relative importance of the three flood drivers has changed over the period 1960-2010, we use equations (11)-(13) to estimate the relative importance of the mechanisms separately for the periods 1960-1984 and 1985-2010 and compare their differences (Δα = α post1985 -α pre1985 , Figure 4 ) in each catchment. The average importance of each flood driver has not changed substantially (mean Δα p , Δα s , and Δα m are 0.01, 0.00, and 0.00, respectively, with standard deviations ranging from 0.14 to 0.16). For most regions in Europe, there are no discernible changes in the relative importance of these mechanisms. Regions with the strongest changes in individual catchments are those with multiple flood generating mechanisms (e.g., central Europe); these changes are not unidirectional and may represent year-to-year variability. Elsewhere, such as Ukraine, the pattern of change appears more unidirectional, with fewer snowmelt floods in the later period. Overall, the temporal changes are much smaller than the spatial differences in the relative importance of flood-generating mechanisms across Europe. 
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Limitations in Inferring Flood Drivers
Our method is designed to infer causes of flooding when data (per site) are scarce and many catchments are studied. Because our flood data are limited to the dates of annual floods for each calendar year (i.e., the actual streamflow rate is not provided), drivers can only be inferred by comparing these dates with the timing of candidate mechanisms. Such inferences can be made by comparing the average timing of many events (e.g., seasonality statistics as used here), or by comparing the timing of individual events. Both approaches have their particular strengths and weaknesses.
At the scale of the European continent, 0.25°gridded data provide a rough approximation of the occurring precipitation (Hofstra et al., 2009) , as the grid cells average over considerable spatial heterogeneity. As a result, individual rainstorms recorded in the data set will not always reflect local catchment conditions, challenging an accurate attribution of flood drivers on an event-by-event basis. In addition, the simulated snowmelt and soil moisture dynamics are obviously highly simplified representations of water cycling, which will not always accurately represent the event-scale catchment conditions. While more complex state-of-the-art models can be used to infer the importance of flood drivers, these models still come with substantial uncertainties (Zaherpour et al., 2018) . Seasonality statistics characterize the mean timing of a process, and such means are (when enough years of data are used; Cunderlik et al., 2004) less impacted by inaccurate representations at the event scale. For example, the timing of simulated peak snowmelt in large-scale hydrological models often mismatches observations (e.g., Zaherpour et al., 2018) , but the seasonality statistics of simulated snowmelt are expected to remain representative under such conditions (i.e., they will not shift to a completely different season).
Previous works that quantitatively (e.g., Berghuijs et al., 2016) or qualitatively infer (e.g., Hall & Blöschl, 2018) dominant flood drivers based on seasonality characteristics primarily base this on the mean date of flooding. Here we also use the concentration of floods to estimate the importance of flood drivers. This allows distinguishing between cases where floods (or their drivers) occur systematically during a particular time of the year, or when processes are more variable in their timing. Despite using information on the consistency in timing around the mean date of occurrence, and acknowledging that multiple mechanisms typically contribute to flood risk, limitations remain that can result in an inaccurate estimate of the importance of flood drivers. For example, our method does not discriminate between potential drivers that occur before or after flood events, potentially biasing attributions.
Floods may be driven by other mechanisms than the three tested drivers. A mechanism that may cause flooding, but that is not included is glacial flood outburst. Such floods occur frequently in Iceland (Björnsson, 2003) , but we excluded catchments in Iceland from the data set provided by Blöschl et al. (2017) . A more common flood-generating mechanism across Europe may be rainfall that occurs over several days, instead of a single day. Seasonality statistics of maximum multiple-day precipitation are near-identical to the seasonality characteristics of maximum daily precipitation amounts (Blöschl et al., 2017) . In practice this means that our approach identifies whether rainfall maxima are driving flooding but it does not distinguish whether these are single-day or multiple-day rainfall events. In addition, the mechanisms that typically cause events may shift with the severity of the event (e.g., Bennett et al., 2018; Pendergrass, 2018) , but because our flood data are limited to the dates of annual floods we cannot infer those differences.
Seasonality statistics most robustly quantify the importance of drivers when floods occur during very different times of the year, but with little year-to-year variation in these timings. The seasonality characteristics of the flood drivers are distinctly different across almost all of Europe (Figure 2 ), even though precipitation is an important factor for all three. Yet, in some regions, flooding and flood drivers both have strong interannual variability, which results in more uncertain estimated importances. However, a benchmark test indicates that, for the number of years of data and the seasonalities of the flood drivers in our data set, using seasonality statistics tends to accurately estimate the relative importance of different flood-generating mechanisms ( Figure S1 ).
Our analysis can be strengthened by focusing on a smaller sample of catchments where more data are available. For example, incorporating information on the magnitude of flood events or expert knowledge may help improve the assessment of local flood generating mechanisms. An obvious future step will also be the inclusion of flow magnitudes, rather than just their timing. Unfortunately, at present, data licensing
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Summary and Conclusions
This work provides a continental-scale overview of flood-generating mechanisms and their relative importance for Europe. We developed a new method for inferring the relative importance of different floodgenerating mechanisms from the dates of maximum annual flows (section 2). We applied our method to a large European-wide data set of flood observations to generate a continental-scale, quantitative overview of the seasonality statistics of extreme precipitation, snowmelt, and soil moisture excess across Europe (Figure 2 ). There are distinct differences in the seasonality of these three mechanisms and flooding across Europe, allowing us to generate a continental-scale overview of the relative importance of each for generating flooding (Figure 3 ).
This continental-scale overview indicates that annual maximum precipitation was the least important driver of annual maximum flooding (mean α p = 0.23; Figure 3a) , except in the Alps Carpathians, and Pyrenees. Snowmelt was more important (mean α s = 0.29; Figure 3b ), particularly in northeastern Europe and Scandinavia. However, the dominant driver of flooding across much of Europe is soil moisture excess (mean α m = 0.49; Figure 3c ). For most of our study catchments, the relative importance of these mechanisms has not changed substantially over the past five decades (Figure 4 ).
These findings further call into question the widespread assumption that changes in extreme precipitation will be reflected in changes in floods (Ivancic & Shaw, 2015; Sharma et al., 2018) . Our results show that the combined effects of high soil moisture and precipitation are a more widespread driver of flooding than extreme rainfall alone. The exposed relative importance of the flood-generating mechanisms reveals regional patterns in the causes of Europe's most damaging natural hazard and points to the processes that require more attention in future flood research.
